Introduction
============

Amphetamines are one of the most powerful and addictive psychostimulant drugs in many countries and modern societies.[@b1-AHJ-08-145]-[@b3-AHJ-08-145] One of the well-known forms of amphetamines, i.e. methamphetamine (METH), leads to not only irreparable financial loss to government but also emotional and psychological toll on METH abuser by producing cognitive impairment.[@b4-AHJ-08-145] Among the detrimental neurotoxic effects of exposure to METH on cognitive ability is learning and memory impairment that remains long after drug withdrawal.[@b5-AHJ-08-145],[@b6-AHJ-08-145] Although the neural mechanisms of METH neurotoxicity have yet to be identified, recent studies have suggested that functional long-lasting alteration in hippocampal neurons can be associated with this cognitive impairments.[@b7-AHJ-08-145],[@b8-AHJ-08-145] In this aspect, previous works revealed the noxious effects of METH on hippocampus-dependent learning, memory and long-term potentiation (LTP), which is an electrophysiological model of synaptic plasticity accepted as a basic and early step in the formation of memory.[@b7-AHJ-08-145],[@b9-AHJ-08-145]-[@b11-AHJ-08-145]

Gonadal hormones like estrogen and progesterone exert wide-ranging actions that are not directly associated with sexual responses and reproductive behaviors.[@b12-AHJ-08-145] Converging evidence from animal studies indicated that ovarian hormone severely influence brain regions which have crucial role in learning and memory, such as the hippocampus.[@b13-AHJ-08-145],[@b14-AHJ-08-145] Due to their neurotrophic and neuroprotective actions, estrogen and progesterone replacement attenuate hippocampal learning and memory deficits in the various neurodegenerative diseases.[@b15-AHJ-08-145]-[@b18-AHJ-08-145] Accumulative data from histological and electrophysiological investigations indicated that steroid hormones produce structural synaptic remodeling including increasing the number of dendritic spines and synapses and promoting the magnitude of LTP in hippocampal cornu ammonis (CA1) pyramidal cells.[@b19-AHJ-08-145]-[@b21-AHJ-08-145] In this context, recently, Dai et al.[@b15-AHJ-08-145] showed that treatment with estrogen (1 mg/kg) promotes LTP in hippocampal CA1 following a global ischemia. Moreover, clinical and experimental evidence show that treatment with estrogen plus progesterone ameliorate performance of learning and memory tasks both in animal models and in humans.[@b13-AHJ-08-145],[@b22-AHJ-08-145] In cycling female rats, it was observed that LTP varies across estrus cycle, and is greater during proestrus than estrus in female rats.[@b21-AHJ-08-145]

A series of reports revealed the beneficial effects of ovarian hormones on METH-induced neurotoxicity.[@b23-AHJ-08-145],[@b24-AHJ-08-145] Taking the importance of neurotoxicity in cognitive function into account, Ghazvini et al.[@b25-AHJ-08-145] demonstrated that treatment with estrogen or progesterone can partially improve METH-induced spatial learning and memory impairments in ovariectomized (OVX) female rats. Although co-administration of estrogen and progesterone did not influence METH-induced cognitive deficits. However, the probable effect of gonadal hormones on METH-induced synaptic plasticity impairment remains largely unknown. Considering the fact that an alteration in synaptic efficacy and function in area CA1 of hippocampus is associated with learning and memory mechanisms, the current study was designed to figure out the possible effects of estrogen and progesterone therapy on prevention of the synaptic plasticity deficits induced by neurotoxic dose of METH in OVX rats.

Methods
=======

Female Wistar rats (200-250 g) were bred and kept in the Kerman Neuroscience Research Center animal facility, Iran, and placed in a temperature-controlled room with an ambient temperature set to 22 ± 1 °C. Rats were maintained with food and water available on a 12-h light-cycle (light beginning at 7:00 a.m.). All experimental protocols were conducted with the approval of the Ethics Committee of Kerman Neuroscience Research Center (Ethics Code: KNRC/EC/92-65).

The drugs included METH hydrochloride (Sigma, St Louis, MO), 17b-estradiol (Sigma, St Louis, MO), progesterone (Sigma, St Louis, MO). Ketamine and xylazine were obtained from the Alfasan Company (Holland). Estrogen and progesterone (Sigma) were each dissolved in sterile sesame oil.

Surgical operations were conducted under general anesthesia with an intraperitoneally (IP) injection of ketamine and xylazine (60 mg/kg, IP ketamine and 10 mg/kg, IP xylazine). The ovaries were removed by making two small bilateral incisions (2 cm) under aseptic conditions.[@b25-AHJ-08-145],[@b26-AHJ-08-145] All rats were OVX 3 weeks before the experiments in order to avoid hormonal influence. Drug treatment began 3 weeks after full recovery from surgery.

Animals were randomly divided into 6 groups. The treatment groups (n = 6-7) were as follows: 1. Saline group: OVX rats that received normal saline subcutaneous (SC), 2. METH-exposed group: OVX rats that received METH (6 mg/kg, SC)[@b25-AHJ-08-145], 3. Oil + METH-treated group: OVX rats that received injections of estrogen or progesterone vehicle (sesame oil) and METH (6 mg/kg, SC), 4. estrogen + METH-treated group: OVX rats that received injections of estrogen (1 mg/kg, IP)[@b25-AHJ-08-145],[@b26-AHJ-08-145] and METH (6 mg/kg, SC.), 5. Progesterone + METH-treated group: OVX rats that received injections of progesterone (8 mg/kg, IP)[@b25-AHJ-08-145],[@b26-AHJ-08-145] and METH (6 mg/kg, SC), 6. Estrogen+ Progesterone + METH-treated group: OVX rats that received injections of combined estrogen (1 mg/kg, IP) and progesterone (8 mg/kg, IP) and METH (6 mg/kg, SC).

As described by Ghazvini et al.,[@b25-AHJ-08-145] 21 days after the ovariectomy, experimental groups were treated with estrogen, progesterone, estrogen + progesterone or vehicle for 14 consecutive days. On the 28th day, rats were exposed to a single-day METH regimen (four injections of 6 mg/kg, SC at 2 h intervals) 30 min after the hormone therapy. Hormone injection was continued for the next 6 days. As illustrated in [figure 1](#f1-AHJ-08-145){ref-type="fig"}, two days after the last injections at day 37, synaptic plasticity by in vivo field potential recording in CA1 area of hippocampus was examined.

In vivo electrophysiological recording of field excitatory postsynaptic potentials (fEPSPs) from CA1 region was carried out as described previously.[@b27-AHJ-08-145],[@b28-AHJ-08-145] The female Wistar rats were nesthetized using urethane (1.2 g/kg) (Sigma-Aldrich) and mounted in a stereotaxic apparatus. Two burr holes were drilled into the skull to allow electrodes insertions. During the experiment, body temperature was monitored by a rectal thermistor probe and maintained at 36.5 ± 0.5 ◦C by a heating pad. A concentric bipolar stimulating electrode was placed into the Shaffer collateral pathway \[anterior-posterior (AP) = 3.0 mm; medial-lateral (ML) = 3.5 mm; dorsal-ventral (DV) = 2.8-3.0 mm\] and a stainless steel recording electrode positioned into the stratum radiatum of area CA1 of right hippocampus (AP = 4.1; ML = 3.0 mm; DV = 2.5 mm) according to the atlas of Paxinos and Watson.[@b29-AHJ-08-145] After connecting the stimulating electrode to a stimulator and recording electrode to an amplifier, fEPSP was measured by stimulating the Schaffer collateral pathway and recording in area CA1.

The location of the electrodes was optimized in order to maximize the amplitude of the evoked field potentials and then input-output (I/O) curve were constructed by gradually ascending stimulus intensity (input) and recording the fEPSPs response (output). The elicited field potentials were amplified and filtered (1 Hz to 3 kHz band pass) by applying differential amplifier. A baseline recording was obtained by giving a test stimulus every 10 s during 20 min adjusted to evoke about 50% of the maximal response. Moreover, paired-pulse facilitation (PPF) was measured by applying identical pairs of pulses at four inter-stimulus interval (20, 50, 70 and 100 ms) to the Schaffer collateral pathway in order to analyze presynaptic function. Then, PPF ratio were calculated as the ratio of the slope of the second fEPSP to that of the first (fEPSP 2/fEPSP 1).

LTP was induced by applying high frequency stimulation (HFS) consisting a trains of 10 pulses at 400 Hz with an inter-stimulus interval of 7 s during 70 s with the same stimulation intensity used for baseline recordings. Finally, for evaluating the maintenance of LTP, a test stimulus at the same intensity was presented every 10 s and continued for 2 h. The average of 10 consecutive traces at each time point was considered as values of the fEPSP slope. Computer-based stimulation and recording was obtained using NeuroTrace software version 9 and Electromodule 12 (Science Beam Institute, Tehran, Iran). Also for analyzing the fEPSP slopes, the software Potentialise from the same institute was used.[@b10-AHJ-08-145],[@b30-AHJ-08-145]

A repeated-measure analysis of variance (ANOVA) was conducted to determine overall differences in LTP time points (group and time as the factors). Results from single time point among groups were also analyzed with unpaired Student's t-test or one-way ANOVA followed by Tukey's test for multiple comparisons, when required. All values were presented as means ± standard error of mean (SEM) and P-values less than 0.05 were regarded as significant.

Results
=======

*CA1 basal synaptic transmission and PPF relationship*

The effects of exposure to METH or ovarian hormones on basal synaptic transmission were determined using I/O curve which was constructed by plotting in the slope of the (fEPSP) in response to increasing stimulus intensities. Overall, no significant difference was observed in the I/O relationship among all female rats (P \> 0.05) ([Figure 2](#f2-AHJ-08-145){ref-type="fig"}, A and B). Furthermore, we were interested in evaluating whether presynaptic mechanisms are involved in the effect of METH or ovarian hormones on synaptic plasticity by measuring paired-pulse facilitation (PPF) ratio values. Results indicated that PPF ratio values were not significantly affected in experimental groups (P \> 0.05) ([Figure 3](#f3-AHJ-08-145){ref-type="fig"}, A and B).

*Early long-term potentiation (E-LTP)*

The increase in the slope of the fEPSP after HFS and its maintenance over 2 h were considered as E-LTP. Representative baseline and after HFS traces for experimental groups are shown in [figure 4](#f4-AHJ-08-145){ref-type="fig"} (A and B).

As illustrated in [figure 4](#f4-AHJ-08-145){ref-type="fig"}, all groups revealed LTP induction. The repeated measures ANOVA demonstrated an overall significant reduction in LTP induction and maintenance in METH group in comparison with saline group (P \< 0.001). This overall reduction was ameliorated by treatment with estrogen and progesterone in METH exposed animals compared with oil + METH group (P \< 0.001). After applying HFS, the mean fEPSP slope immediately increased which was considered as E-LTP induction. An unpaired Student's t-test analysis showed that METH-exposed animals exhibited a significant reduction in fEPSP slope (135.00 ± 5.11% of baseline) in comparison with saline group (214.0 ± 11.5% of baseline) (F = 3.08, P \< 0.001) ([Figure 4](#f4-AHJ-08-145){ref-type="fig"}, A).

Moreover, the current results showed that following HFS, treatment with either estrogen (187.00 ± 5.37% of baseline) (F = 12.1, P \< 0.001) or progesterone (169.00 ± 9.51% of baseline) (F = 12.1, P \< 0.010) could enhance the mean fEPSP slope in METH-exposed rats ([Figure 4](#f4-AHJ-08-145){ref-type="fig"}, B). On the other hand, there were no differences in fEPSP slope percent change from baseline between oil + METH (130.0 ± 6.2% of baseline) and estrogen + progesterone + METH (138.00 ± 5.41% of baseline). In addition, further analysis showed that LTP was impaired in METH-exposed animals compared with saline group, (P \< 0.001). Our findings indicated that in the METH-exposed rats, after an initial increase in fEPSP slope, fEPSP slope approximately reduced to the baseline during 2 h compared to saline group (Saline = 181.0 ± 11.1, METH = 109.00 ± 6.64% of baseline respectively) (F = 1.18, P \< 0.001). Furthermore, 2 h after applying HFS, estrogen + METH (138.0 ± 12.1% of baseline) (F = 6.66, P \< 0.010) and progesterone + METH (138.00 ± 5.66% of baseline) (F = 6.66, P \< 0.050) groups showed a sustained increase in the fEPSP slope compared with oil + METH group (101.0 ± 11.8% of baseline). However, there were no significant differences in fEPSP slope between estrogen + progesterone + METH (106.00 ± 6.63% of baseline) and oil + METH (101.0 ± 11.8% of baseline) groups.

Discussion
==========

Current study was designed to investigate the possible effect of estrogen and progesterone treatment on METH-induced LTP impairment. The findings presented here indicated that METH (6 mg/kg, SC) has a disruptive effect on hippocampal synaptic plasticity in OVX rats. As our results showed, treatment with estrogen (1 mg/kg, IP) in METH-exposed rats was able to attenuate METH-induced LTP deficit. Furthermore, similar significant improvement was observed in treatment with progesterone (8 mg/kg, IP) compared to METH group. Conversely, findings of therapy with estrogen plus progesterone and therapy with vehicle in METH exposed rats did not significantly differ.

A growing literature indicates that exposure to neurotoxic METH regimen causes learning and memory impairments which remains long after drug withdrawal.[@b5-AHJ-08-145],[@b6-AHJ-08-145],[@b25-AHJ-08-145] Cumulative data from animal studies emphasized that there is a strong correlation between synaptic efficacy and function in area CA1 of hippocampus and learning and memory mechanisms.[@b31-AHJ-08-145],[@b32-AHJ-08-145] Hori et al.[@b7-AHJ-08-145] indicated that repeated METH administration resulted in deficient LTP in the Schaffer collateral-CA1 pathway in the hippocampus in male rats compared with saline group. Similar results were obtained in another study by Swant and et al.[@b9-AHJ-08-145] using in vitro hippocampal slice preparation. They showed that exposure to METH (10 mg/kg) caused a reduction in LTP in rat hippocampus.

In agreement with previous findings, present data revealed that LTP induction within the CA1 region of the hippocampus was significantly reduced in METH exposed OVX female rats and also after applying HFS, the fEPSP slopes were approximately decreased to baseline levels.[@b7-AHJ-08-145],[@b9-AHJ-08-145] These results demonstrated that METH-induced neurotoxicity affects behavior and memory functions.

Although the exact mechanisms involved in deleterious effects of METH on LTP and synaptic plasticity is not fully determined yet, these neurocognitive deficits can be attributed to alterations in structural and functional plasticity of hippocampal neurons. One of the probable mechanisms is the decrease in dopamine and serotonin transporter activity following METH-administration.[@b33-AHJ-08-145],[@b34-AHJ-08-145] In this aspect, McCann et al.[@b34-AHJ-08-145] showed that METH-induced memory impairment was related to a reduction in dopamine transporter activity. In addition, recent studies demonstrated that administration of a neurotoxic METH regimen led to morphological changes ranging from neuronal degeneration to changes in the density of spines and damage of the blood-brain barrier.[@b8-AHJ-08-145],[@b35-AHJ-08-145]-[@b37-AHJ-08-145] In this manner, a study from Thompson et al.[@b38-AHJ-08-145] revealed that METH consumption led to memory dysfunction, which was related to a decrease of hippocampal volume and white-matter hypertrophy. In cellular and molecular approach, METH-induced neurotoxicity is accompanied with oxidative stress that eventually leads to biochemical changes including decline in endogenous antioxidant defense in hippocampus such as nuclear factor (erythroid-derived 2)-like 2 (Nrf2) which is correlated with cognitive function.[@b39-AHJ-08-145]-[@b42-AHJ-08-145] Since the hippocampus is highly susceptible to METH, there is a probable association between METH-induced toxicity and METH-induced memory deficit.

Several lines of evidence have demonstrated that ovarian hormone including estrogen and progesterone had neuroprotective effects on deleterious behavioral, synaptic and molecular changes induced by wide-ranging neurodegenerative diseases.[@b5-AHJ-08-145],[@b16-AHJ-08-145] In OVX rats, when estrogen was administered in daily injections for 15 days, the recognition and spatial memory functions was profoundly enhanced following a global ischemia.[@b16-AHJ-08-145] Furthermore, previous works showed that progesterone treatment (8 mg/kg) promoted spatial learning performance in the Morris water maze task and protected neuronal damage in dorsal hippocampus following some neurological disorder such as traumatic brain injury (TBI) and ischemia.[@b17-AHJ-08-145],[@b43-AHJ-08-145] As previous studies have shown, it has been established that there is a strong association between synaptic efficacy and function in area CA1 of hippocampus and learning and memory mechanisms.[@b44-AHJ-08-145]-[@b46-AHJ-08-145] In this aspect, Dai et al.[@b15-AHJ-08-145] showed that an administration of estrogen (1 mg/kg) was able to prevent the reduction in basal synaptic transmission and impairment of induction and maintenance of LTP following global ischemia. In agreement with other studies, the present findings showed that treatment with estrogen and progesterone prevented the deleterious effect of METH on E-LTP in CA1 region of the hippocampus. Moreover, in our experiments, sesame oil and saline had no significant impact on LTP magnitude or maintenance in OVX rats. It is worth pointing out that similar to other works, we find that I/O curve and PPF ratios were not altered among groups. This observation can be explained as there was no change in the possibility of release of neurotransmitters from hippocampal presynaptic terminals under the present experimental conditions.[@b7-AHJ-08-145],[@b9-AHJ-08-145],[@b21-AHJ-08-145] Taken together, these results support our previous study that showed treatment with estrogen (1 mg/kg) and progesterone (8 mg/kg) attenuated METH-induced spatial learning and memory impairments in OVX rats.[@b25-AHJ-08-145]

Although exact mechanisms of the potentiating effects of ovarian hormones responsible for the long lasting increase in synaptic strength have remained unknown, recent works discovered some of the mechanisms through which ovarian hormones exert their effects. Gonadal steroids, in particular estradiol, can profoundly enhance LTP through its impact on hippocampal synaptic plasticity by increasing number of dendrites and spine density along with synaptic remodeling including neurite outgrowth and synaptogenesis.[@b19-AHJ-08-145],[@b20-AHJ-08-145],[@b47-AHJ-08-145],[@b48-AHJ-08-145]

Recent studies have found evidences that acute administration of METH mimics traumatic brain injury that leads to some processes such as induction of oxidative stress and euroinflammation, which could cause neuronal damages and cell death.[@b49-AHJ-08-145],[@b50-AHJ-08-145] Noxious effects of METH might be attenuated if the treatment included potential neuroprotective pharmacological approaches like ovarian hormone replacement similar to those used in TBI. In this point of view, Khaksari et al.[@b26-AHJ-08-145] showed that treatment with pharmacological doses of estrogen (1 mg/kg) and progesterone (8 mg/kg) could reduce proinflammatory cytokines and brain edema following traumatic brain injury. Further studies are required to evaluate the effects of gonadal hormones on processes such as neuroinflammation in METH-exposed female rats.

On the other hand, the effects of combination therapy of estrogen and progesterone on cognitive ability is poorly understood and almost contradictory. A series of evidence reported that progesterone does not influence with the protective effects of estrogen.[@b25-AHJ-08-145],[@b51-AHJ-08-145],[@b52-AHJ-08-145] In this context, progesterone (10 mg/kg) did not significantly alter protective effects of estrogen on spatial learning and memory in OXV female rats.[@b51-AHJ-08-145] Furthermore, in OVX female rats, co-treatment with estrogen and progesterone exhibited either basal synaptic transmission or LTP to similar levels observed in gonadally intact animals.[@b53-AHJ-08-145] On the other hand, in cycling female rat, quantification of morphological alteration showed that the number of dendritic spines and the density of synapses in hippocampal CA1 increased during proestrus when estrogen and progesterone are at their higher levels, then reduced during estrus when estrogen and progesterone are at lower levels.[@b54-AHJ-08-145],[@b55-AHJ-08-145] In addition, a study by Warren et al.[@b21-AHJ-08-145] revealed that LTP varied across estrus cycle and LTP was greater during proestrus compared to estrus in female rats. In contrast to previous studies, recent observations from other works indicated that progesterone antagonizes the beneficial effects of estrogen. In one study, Murphy and et al.[@b56-AHJ-08-145] revealed that progesterone counteracted the effect of estrogen on hippocampal spine density. Moreover, using middle-age female rats, treatment with progesterone reverses the estrogen-induced spatial memory improvement in Morris water maze.[@b57-AHJ-08-145] The present findings showed that combination of estrogen plus progesterone did not significantly impair synaptic plasticity in METH-exposed animals. This is consistent with our recent observations that co-treatment with estrogen and progesterone did not affect METH-induced spatial learning and memory impairment in Morris water maze.[@b25-AHJ-08-145] Due to this fact that either estrogen or progesterone alone had protective effects on synaptic plasticity, the complexity of their interactions which may influence cognitive function was probably responsible for the observed discrepancies. On one hand, it seems that some of the noxious effects of progesterone on protective effects of estrogen comes from a direct or indirect interaction with GABA-A receptors, which is thought to counteract the estrogen effects.[@b53-AHJ-08-145] On the other hand, Bimonte-Nelson et al.[@b57-AHJ-08-145] showed that progesterone reverses the estrogen elevation in neurotrophic proteins levels such as NGF, BDNF and NT3 in brain regions critically involved in spatial learning and memory. The reason for this discrepancy is unclear, additional studies are needed to clarify the neural mechanism of this apparent divergence. However, effectiveness of combined estrogen and progesterone on modulating the properties of neuroplasticity and LTP may be dependent on age, dose, experimental procedure used and somehow could be attributed to the duration and timing of treatment.

Conclusion
==========

The results of the present study indicated that exposure to METH caused impairment in hippocampal LTP. Moreover, the present findings demonstrated that treatment with either estrogen or progesterone can partially attenuate METH-induced synaptic plasticity deficits in CA1 area of the hippocampus in METH-exposed OVX rats. On the other hand, combination therapy of estrogen and progesterone did not influence METH-evoked effects on LTP. However, the beneficial effects of ovarian hormones treatment on synaptic plasticity may be affected by numerous factors including doses of used hormones, duration and timing of treatment, age and etc. Further studies are required to fully define the cellular and molecular mechanisms mediating protective effects of these hormones against METH-induced cognitive impairment.
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![Overview and timeline of experimental procedures used in this study LTP: Long-term potentiation; OVX: Ovariectomized; METH: Methamphetamine](AHJ-08-145f1){#f1-AHJ-08-145}

![Input--output curves were constructed from responses in a range of stimulus intensities in the CA1 area of the hippocampus. Notably, the units of stimulus intensity are arbitrary where 1 is the intensity that exerts the minimum responses, and 9 is the intensity that exerts the maximum responses. I/O (Input-Output) was not significantly different between all groups (P \> 0.05)](AHJ-08-145f2){#f2-AHJ-08-145}

![The effects of METH administration and hormone replacement on paired pulse facilitation (PPF) ratio in the cornu ammonis (CA1) area of the hippocampus over a range of interstimulus intervals (20, 50, 70 and 100 ms). There was no significant difference among the groups (P \> 0.05)](AHJ-08-145f3){#f3-AHJ-08-145}

![The effects of METH (A) hormone replacement + METH (B) administration on LTP induction and maintenance over a period of 120-min (early phase) in OVX female rats. METH administration produced a significant reduction of long-term potentiation (LTP) induction and maintenance compared to the saline group (P \< 0.001). Treatment with estrogen alone and progesterone alone partially improved LTP induction and maintenance in animals that received METH (P \< 0.050). Moreover, the hippocampal synaptic plasticity in animals that received combination of estrogen and progesterone in METH-exposed rats did not significantly differ from that of METH-exposed animals that received vehicle injections. Each point is the mean ± SEM. All recorded responses were averaged from normalized to the mean of baseline slopes. Calibrations, 500 mv/5 ms, were used during the recording session \*P \< 0.001, in comparison with the saline group, \#P \< 0.05, \#\#P \< 0.01, \#\#\#P \< 0.001 compared to oil + METH group](AHJ-08-145f4){#f4-AHJ-08-145}
